SummaryGiven the limitations and toxicity of whole brain radiation therapy, extending the paradigm of focal therapy to patients who are not candidates for single-fraction stereotactic radiation surgery due to size or location represents an important clinical challenge. We retrospectively evaluated patients with intact, previously untreated brain metastases who were treated with fractionated stereotactic radiation therapy over 5 fractions. We found that local control was dose dependent, and a smaller tumor size was associated with improved tumor control.Alt-text: Unlabelled box

Introduction {#s0010}
============

Brain metastases are among the most commonly encountered complications of cancer and represent the most common intracranial neoplasm in adults. Brain metastases are a well-established cause of morbidity and mortality, affecting 20% to 40% of patients with cancer.[@bib0010], [@bib0015], [@bib0020] Due to the significance of brain metastases, a great deal of focus has been placed on the appropriate treatment of these lesions.

The management of patients with brain metastases is evolving. Focal techniques are gaining favor as the initial radiation therapy technique for patients with brain metastases,[@bib0025] and whole brain radiation therapy (WBRT) is commonly deferred due to toxicity concerns[@bib0030], [@bib0035] and a lack of proven survival advantage.[@bib0040] Unfortunately, not all patients are good candidates for stereotactic radiosurgery (SRS) because large tumors and those in unfavorable locations have been associated with unacceptable rates of treatment-related toxicity.[@bib0045] Given the limitations of WBRT, extending the paradigm of focal therapy to patients who are not candidates for SRS represents an important clinical challenge.

A longstanding principle of radiation biology is that fractionating a course of radiation therapy may reduce effects on normal tissue while maintaining tumor control. Fractionated stereotactic radiation therapy (FSRT) combines the steep dose gradients and small treatment margins of SRS with the radiobiologic advantages of fractionation. Data are limited on FSRT for brain metastases, and many questions remain. We hypothesize that FSRT offers a safe alternative to SRS for larger tumors and can also be used effectively for smaller lesions. We report on our single institution experience, which to our knowledge represents the largest series of previously untreated, intact brain metastases treated with 5-fraction FSRT.

Methods and materials {#s0015}
=====================

We retrospectively reviewed the records of all patients with brain metastases who were treated at our institution between August 2008 and November 2015. All patients who underwent FSRT for previously untreated, intact brain metastases with at least 1 posttreatment magnetic resonance imaging (MRI) were included in this study. Patients who underwent FSRT after surgical resection were included if they also had intact lesions that were treated; for such patients, only the intact lesions were included in estimates of local control. Patients who underwent FSRT for new metastases that developed after prior WBRT were also included. This study was approved by our institutional review board.

Treatment {#s0020}
---------

The cases of all potential radiosurgery candidates with brain metastases were reviewed at a multidisciplinary conference. The decision to use FSRT was individualized and based on physician preference, but FSRT was generally considered if a tumor was ≥3 cm in diameter, near a critical or eloquent structure, or if the proximity of moderately sized tumors would lead to dose bridging in a single-fraction SRS plan ([Fig 1](#f0010){ref-type="fig"}). For patients in whom FSRT was recommended, all targets received the same dose schedule regardless of size; therefore, many tumors \<3 cm were treated with FSRT.Figure 1Tumors were selected for hypofractionation based on size and proximity to a critical structure or other tumors. The yellow and green isodose lines represent 100% and 50% of the prescription, respectively. This is a patient with 2 moderately sized metastases in close proximity with significant bridging of the 50% isodose line.Figure 1

Patients were simulated in the supine position with an Aquaplast mask (WFR/Aquaplast Corp., Wyckoff, NJ) used for immobilization. A thin slice (≤2 mm slice thickness) MRI was obtained and registered with the simulation computed tomography (CT) scan for improved target delineation and normal structure identification. The gross tumor volume was defined as the enhancing abnormality identified on the T1 postcontrast MRI sequence and CT scan. An optional 1 to 3 mm planning target volume (PTV) expansion was infrequently used at the discretion of the treatingphysician to account for setup inaccuracy prior to the installation of a couch capable of 6 degrees of freedom correction. The total prescription dose was 25 or 30 Gy in 5 fractions prescribed volumetrically such that at least 99% of the PTV received the entire prescription dose delivered over a 7- to 14-day period.

Single isocenter treatment plans were generated in Varian Eclipse (Varian Medical Systems, Palo Alto, CA) after a standardized optimization protocol.[@bib0050] Institutionally defined treatment planning goals were used to assess the quality of the plans ([Table 1](#t0010){ref-type="table"}). All treatments were delivered with a linear accelerator, initially with a Varian 2100iX via sliding window intensity modulated radiation therapy using 6X or 15X photons and later with a Varian TrueBeam via volumetrically modulated arc therapy in flattening filter free mode with 10X photons (up to 2400 MU/min). Daily patient alignment was confirmed with a combination of kV orthogonal radiographs and cone beam CT for precise positioning immediately prior to treatment.Table 1Central nervous system treatment planning organs at risk goals for 5-fraction treatmentsTable 1OrganConstraint (maximum dose)Priority[a](#tn0010){ref-type="table-fn"}Brainstem31 Gy, V26 Gy \<1 ccIChiasm/Optic Nerve25 Gy, V20 Gy \<0.2 ccICochlea27.5 GyIILens3-7 GyIIRetina5-15 GyIISpinal Cord30 Gy, V22.5 Gy \<0.25 ccICauda Equina34 Gy, V30 Gy \<5 ccI[^1]

Endpoint definitions and statistical analysis {#s0025}
---------------------------------------------

Local tumor progression was defined as the radiographic presence of a 25% increase in tumor diameter or the presence of more than scant tumor cells at the time of salvage surgery.[@bib0055], [@bib0060], [@bib0065] Grade 3 or higher toxicity events as defined by the Radiation Therapy Oncology Group 90-05 central nervous system (CNS) toxicity criteria were recorded.[@bib0045]

Overall survival and freedom from toxicity were estimated on a per-patient basis using the Kaplan-Meier method and were measured from the initiation of radiation therapy. Living patients were censored at the time of the most recent clinical encounter, and patients without evidence of toxicity were censored at the time of most recent MRI or time of death. Estimation of local tumor control was performed on a per-tumor basis. Locally controlled tumors were censored from the analysis at the time of death or most recent MRI; to reduce the chance of overestimating the effect of FSRT, tumors were also censored from the local control analysis if patients underwent additional radiation therapy to this area (eg, if a patient received salvage WBRT for distant brain progression). Kaplan-Meier estimates between the groups were compared with the log-rank test. The effect of tumor and treatment parameters on local control was assessed with univariate and multivariate Cox proportional hazards models. All statistical tests were performed with SPSS software (IBM SPSS version 22.0, Chicago, IL).

Results {#s0030}
=======

Patient and treatment characteristics {#s0035}
-------------------------------------

A total of 131 patients who underwent FSRT in 5 fractions for brain metastases between August 2008 and November 2015 were identified. Fifty-nine patients were excluded, including 19 patients who had received previous radiation to the lesions of interest, 26 who had no follow-up information available, 13 who had undergone prior surgery to the only treated lesion, and 1 patient who had a nonstandard radiation dose schedule. Thus, 72 patients met the inclusion criteria for this analysis resulting in a total of 182 tumors. Patient and treatment characteristics are presented in [Table 2](#t0015){ref-type="table"}.Table 2Patient, tumor, and treatment characteristicsTable 2CharacteristicsnNo. of patients72No. of tumors182Sex (M/F)48/24Median age (range), y63 (23-93)Histology, n (%) Lung84 (46) Breast17 (9) Melanoma27 (15) Gastrointestinal15 (8) Genitourinary28 (16) Other11 (6) Median Karnofsky Performance Score (range)80 (50-90)Median number of metastases (range)2 (1-16)Patients with a single metastasis31Patients with multiple metastases41RPA I6RPA II58RPA III8Patients with prior focal RT (not to tumors of interest)9 (13%)Patients with prior WBRT (not to tumors of interest)5 (7%)Patients with prior Surgery (not to tumors of interest)14 (19%)FSRT with FFF beam (up to 2400 MU/min)66 (92%)6 Gy × 5 = 30 Gy134 tumors5 Gy × 5 = 25 Gy48 tumorsPTV MarginNone141 (78%)1 mm13 (7%)2 mm15 (8%)3 mm13 (7%)Median Tumor volume (range)2.02 cc (0.01-39.00 cc)Median Tumor diameter (range)1.68 cm (0.31-5.50 cm)Median conformity index (range)1.11 (1.01-2.09)[^2]

Survival and local control outcomes {#s0040}
-----------------------------------

The median clinical and radiographic follow-up was 5 months (range, 1-71 months) and 5 months (range, 1-71 months), respectively. The median overall survival was 7 months with a 6- and 12-month estimate of overall survival of 63% and 29%, respectively. Local progression was observed in 10 tumors among 10 patients, resulting in a 12-month local control estimate of 86% ([Fig 2](#f0015){ref-type="fig"}).Figure 2Kaplan-Meier estimates of local tumor control. A, Entire cohort. B, Local control based on tumor diameter. C, Improved local tumor control with a higher prescription dose. D, Trend toward improved tumor control with a higher prescription among tumors ≥3 cm in diameter.Figure 2

The 12-month local control estimate of tumors measuring \<3 cm (n = 146) in greatest dimension was 95% compared with 61% for tumors ≥3 cm (n = 36) in diameter (*P* \< .001). The 12-month local control estimate of tumors \<2 cm in diameter was 100% compared with 74% for tumors ≥2 cm in diameter. Tumors that were prescribed 30 Gy had a 12-month local control estimate of 91% compared with 75% in tumors prescribed 25 Gy (*P* = .015). Among tumors ≥3 cm (n = 36), a 30 Gy prescription was associated with a 72% 12-month local control estimate compared with 40% for tumors receiving 25 Gy (*P* = .109).

[Table 3](#t0020){ref-type="table"} presents the results of the Cox proportional hazards models for potential predictors of local failure. Smaller tumor size and higher radiation dose were significantly associated with improved local tumor control on univariate analysis; therefore, tumor diameter and dose were evaluated for significance in a multivariate analysis. Tumor diameter ≥3 cm was significantly associated with increased risk of local failure on multivariate analysis (hazard ratio \[HR\], 8.11 \[range, 2.09-31.50; *P* = .003\]). Furthermore, a total tumor dose of 30 Gy compared with 25 Gy was associated with a decreased risk of local failure on multivariate analysis (HR, 0.26 (range, 0.07-0.93; *P* = .038\]).Table 3Cox Proportional Hazard Model analysis of covariates that contribute to local failureTable 3VariableUnivariate hazard ratio (range)*P* valueMultivariate hazard ratio (range)*P* valueTumor Diameter (≥3 cm)8.71 (2.24-33.90)**.002**8.11 (2.09-31.50)**.003**Total Dose (30 vs. 25 Gy)0.24 (0.07-0.84)**.025**0.26 (0.07-0.93)**.038**PTV margin (No vs. Yes)1.11 (0.23-5.22).899Histology (NSCLC)Reference = 1.732Histology (Breast)0.94 (0.11-8.05)Histology (Melanoma)1.78 (0.34-9.38)Histology (Other)0.57 (0.11-2.94)[^3]

Toxicity {#s0045}
--------

No patient experienced irreversible grade 3 toxicity, and no patient died due to FSRT. Four patients required surgical resection of a single treated tumor. The pathologic findings of these resections are summarized in [Table 4](#t0025){ref-type="table"}. Two patients with grade 4 toxicity were also scored as a local failure due to the presence of malignancy in the surgical specimen. Across all patients, the Kaplan-Meier estimate of 6-month freedom from irreversible grade 3 or grade 4 CNS toxicity rate was 95%. Among the 31 patients with 6 months of follow-up, 2 toxicity events occurred, resulting in a rate of 6% at 6 months. Only 12 patients had 12-month follow-up, and 4 toxicity events occurred within this timeframe with a resultant rate of 33% at 12 months. The 6-month Kaplan-Meier estimate of grade ≥3 toxicity was 5% for patients who were prescribed 30 Gy versus 7% for patients who were prescribed 25 Gy (*P* = .48). All 4 toxicity events occurred in tumors ≥2.8 cm in diameter, and 3 of the events occurred in tumors \>3 cm in diameter. Increasing tumor diameter was significantly associated with an increased risk of CNS toxicity (HR, 2.45 \[range, 1.04-5.742; *P* = .04\]).Table 4Pathology results from surgically resected tumors after previous FSRTTable 4PatientHistologyDoseTumor no.Tumor diameter (cm)Previous intracranial treatment (radiation or surgery)Pathology resultsScored as1Breast5 Gy × 522.80, 2.27NoneA. Metastatic carcinoma consistent with breast cancer primary\
B. Radiation-induced damageLocal Failure + Grade 4 toxicity2NSCLC6 Gy × 534.16, 3.40, 2.47NoneA. Extensive radiation necrosis and radiation damage\
B. Residual metastatic adenocarcinoma comprises \<5% of tissueGrade 4 toxicity3Unknown primary6 Gy × 523.43, 1.07Surgery to other brain metastasisMetastatic adenocarcinoma exhibiting post-treatment effectLocal Failure + Grade 4 toxicity4Breast6 Gy × 533.55, 2.07, 1.18NoneExtensive radiation necrosis (rare aggregates of recognizable adenocarcinoma of questionable viability)Grade 4 toxicity[^4]

Discussion {#s0050}
==========

FSRT offers the opportunity to use a focal treatment in patients who are poor candidates for treatment with single-fraction SRS due to toxicity concerns, but clinical outcomes data remain sparse. Therefore, we performed this retrospective analysis of FSRT for previously untreated brain metastases and found that FSRT resulted in high rates of local control for both small and large targets. Smaller tumor diameter and delivery of a higher radiation dose were associated with higher rates of local control. Treatment was well tolerated, with CNS toxicity rates lower than those reported for single-fraction SRS among patients and tumors with comparable characteristics.[@bib0030], [@bib0045], [@bib0070], [@bib0075] Furthermore, 30 Gy over 5 fractions was not associated with increased toxicity compared with 25 Gy.

Previously reported 12-month local control estimates of FSRT have ranged from 52% to 95%.[@bib0055], [@bib0070], [@bib0080], [@bib0085], [@bib0090], [@bib0095], [@bib0100] Although direct comparisons across studies are difficult due to heterogeneous patient populations, treatment techniques, and definitions of local control, the 12-month local control estimate of 86% in our study appears to compare favorably. Among larger tumors in particular, the 12-month estimate of local control among tumors ≥3 cm in diameter in our study was 61% overall, which improved to 72% when 30 Gy was prescribed. One important distinction in our study is that tumors treated with prior focal radiation, WBRT, and surgery were specifically excluded, unlike in other studies[@bib0085], [@bib0105], [@bib0110] that reported very high rates of local control. Exclusion of patients with prior radiation or surgery to the treated tumors in our study makes the true local control of FSRT more apparent by removing the potential bias of other treatments on tumor control.

Another unique aspect of our study is that a relatively large number of smaller tumors were treated with FSRT. The 12-month local control estimate for tumors \<3 cm in diameter was 95%, and we observed no failures in tumors \<2 cm in diameter, results that are similar to previous reports on delivering ≥20 Gy in a single fraction.[@bib0045], [@bib0115], [@bib0120] The high level of local control observed in this study among tumors \<3 cm in diameter supports the limited FSRT literature, which identifies small tumor size as a predictor of improved local tumor control, and FSRT appears to be a reasonable alternative for small brain metastases.[@bib0125], [@bib0130] Given these encouraging results, our practice for patients who are treated with FSRT is to use the same dose and fractionation across all targets, regardless of target size. Therefore, all tumors are treated with a single radiosurgery plan using a single isocenter, which significantly improves the efficiency of treatment planning and delivery.

The improved local tumor control with a higher dose schedule observed in our study is consistent with reports on single-fraction SRS, which have demonstrated a dose dependent effect on local tumor control.[@bib0115], [@bib0135] Among studies examining FSRT in particular, there have been conflicting reports on the relationship between dose and tumor control. Whereas some studies have demonstrated improved control with dose escalation,[@bib0095], [@bib0135], [@bib0140] particularly in tumors receiving an equivalent dose in 2 Gy fractions (EQD2) \>35 Gy (alpha/beta = 10) or biological effective dose using an alpha/beta = 12 (BED~12~) \>40 Gy (linear quadratic cubic model), others have failed to show a dose dependent response.[@bib0055], [@bib0070], [@bib0125] This study demonstrated a 12-month tumor control estimate of 75% with 25 Gy in 5 fractions compared with 91% with 30 Gy in 5 fractions. By comparison, 25 Gy in 5 fractions results in an EQD2 of 31.25 Gy, and 30 Gy in 5 fractions results in an EQD2 of 40 Gy (alpha/beta = 10). The current study further supports the idea that local tumor control is dependent on radiation dose, even with use of multiple fractions.

Only 4 patients in this study developed severe CNS toxicity, yielding a Kaplan-Meier estimate of 5% at 6 months across all patients. Only 12 patients could be followed for 1 year, which resulted in a 33% risk of toxicity among this cohort. The limited follow-up in this study makes estimation of the true CNS toxicity somewhat challenging. A larger target size was associated with an increased risk of toxicity; however, we recognize that the small number of events limited the analytic power to identify other possible contributing factors. There may be a tumor size above which treatment with 30 Gy increases the risk of toxicity, necessitating the use of a lower dose, but this potential size cutoff remains unknown. We did not observe increased toxicity rates among patients who were prescribed 30 Gy compared with those who were prescribed 25 Gy, in contrast to other reports of higher rates of toxicity with higher doses.[@bib0095], [@bib0145]

One possible explanation for the favorable toxicity profile in our study despite dose escalation is the limited follow-up and survival of our cohort, which potentially underestimates the toxicity of FSRT because radiation necrosis is often a late effect. An additional explanation for the favorable toxicity profile in the study is that the majority of patients were treated without additional PTV margin because higher toxicity rates have been suggested with larger margins for patients receiving single-fraction SRS.[@bib0150] Initial concern for rotational error in treating multiple metastases with a single isocenter resulted in the addition of a PTV margin to some targets; however, the installation of a 6 degree of freedom couch essentially eliminated the potentially observed rotational error, making zero-margin treatments consistently reproducible. Furthermore, the rate of CNS toxicity in this study was lower than has typically been reported for single-fraction SRS, particularly for larger tumors, but prospective studies are needed for a better comparison.[@bib0030], [@bib0045], [@bib0070], [@bib0075]

The limitations of this study include its retrospective nature, limited follow-up, and evaluation of only 2 fractionation schemes. We used well-defined inclusion criteria and endpoints to reduce bias, but the retrospective design of this study makes it potentially susceptible to bias that can only be addressed adequately in a prospective trial. Despite following the majority of patients until death, our follow-up is limited with a median follow-up of 5 months. This is likely attributable to the relatively short median survival of 7 months from FSRT in our cohort due to some patients, but not tumors, receiving other treatments prior to FSRT. Our institution has a relatively standardized dose schedule across the practice, which aids in analyzing the efficacy and safety of hypofractionation; however, the optimal dosing schedule remains unknown because many potential fractionations were not used in the treatment of our patients.

Conclusion {#s0055}
==========

The results of our study suggest that FSRT for brain metastases is associated with a high rate of local control while maintaining acceptable toxicity rates. In this unique series in which all of a patient\'s tumors were treated with the same dose fractionation regardless of size, smaller tumors appeared to have significantly better local control compared with larger tumors. Use of the same FSRT prescription for large and small tumors in the same patient is feasible, but the diminished efficacy of FSRT observed among large tumors highlights the need for improved strategies and techniques in the treatment of these targets. Local control appears to be dose dependent with significantly better control observed in tumors receiving 30 Gy in 5 fractions; therefore, additional studies of dose escalation are needed to reveal the appropriate balance of FSRT efficacy and toxicity among larger brain metastases.
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[^1]: I = Do not violate, achieving constraint is more important than target coverage; II = Planning goal but less important than target coverage.

[^2]: FFF, flattening filter-free; FSRT, fractionated stereotactic radiation therapy; PTV, planning target volume; RPA, recursive partitioning analysis; RT, radiation therapy; WBRT, whole brain radiation therapy.

[^3]: NSCLC, non-small cell lung cancer; PTV, planning target volume.

[^4]: FSRT, fractionated stereotactic radiation therapy; NSCLC, non-small cell lung cancer.
